The function of the alphaherpesvirus UL47 tegument protein has not yet been defined. Nonetheless, previous studies with transfected cells have shown that both the herpes simplex virus type 1 homologue (hUL47, or VP13/14) and the bovine herpesvirus type 1 (BHV-1) homologue (bUL47, or VP8) have the capacity to shuttle between the nucleus and the cytoplasm. Furthermore, hUL47 packaged into the virion has also been shown to bind several individual virus-specific RNA transcripts. Here, we extend these observations and show that hUL47 binds a wide range of RNA species in vitro. It has a high affinity for polyadenylated transcripts but has no apparent selectivity for virus-encoded RNA over cellular RNA. We also show that the virion population of bUL47 binds RNA in vitro. However, while purified recombinant hUL47 retains its RNA binding activity, recombinant bUL47 does not, suggesting that the BHV-1 homologue may require virus-induced modification for its activity. We identify the minimal RNA binding domain in hUL47 as a 26-residue N-terminal peptide containing an arginine-rich motif that is essential but not sufficient for optimal RNA binding, and we demonstrate that this RNA binding domain incorporates the hUL47 minimal nuclear localization signal. In addition, we show that soon after hUL47 is expressed during infection, it colocalizes in the infected cell nucleus with ICP4, the major virus transcriptional activator. Using RNA immunoprecipitations, we demonstrate that hUL47 is also bound in vivo to at least one viral transcript, the ICP0 mRNA. Taken together, these results suggest that hUL47 may play a role in RNA biogenesis in the infected cell.
The protein encoded by the herpes simplex virus type 1 (HSV-1) UL47 gene (hUL47, also known as VP13/14) is a major structural protein of unknown function (29, 56, 58, 59) . Early studies of the role of hUL47 revealed that it may play a part in gene expression early in infection, as a virus lacking the hUL47 gene was shown to express reduced levels of immediate-early (IE) proteins (58, 59 ). In addition, UL47 knockout viruses in pseudorabies virus and Marek's disease virus also replicate more slowly than wild-type viruses (12, 25) . The effect on IE gene expression was initially believed to be an indirect one, and it was proposed that hUL47 may in some way modulate the activity of the VP16 tegument protein, the transcriptional activator of IE genes (34, 59) . Indeed, as hUL47 is also assembled into the tegument of the virion along with VP16 (29) , these two proteins are likely to be delivered to the cell together upon virus entry.
In recent years, it has become clear that hUL47 and its homologues possess a number of intrinsic characteristics that may explain a role in gene expression in addition to or possibly instead of its potential influence on VP16. We have previously characterized UL47 from HSV-1 as a nucleocytoplasmic shuttling protein that exhibits a steady-state nuclear localization when expressed in isolation and during its early stages of expression in virus infection (10, 11) . Subsequently, studies from others and ourselves have shown that the bovine herpesvirus type 1 (BHV-1) homologue of UL47 (VP8, or bUL47) is also targeted to the nucleus and has the capacity to shuttle between the nucleus and the cytoplasm (52, 60) . Although there are several known functions for such nucleocytoplasmic shuttling proteins, a major role for proteins with this property is in the binding and export of RNA from the nucleus (4), and several virus-encoded RNA binding proteins, such as human immunodeficiency virus type 1 (HIV-1) Rev and HSV-1 ICP27, have been shown to enhance the export of virus-encoded transcripts from the nucleus to the cytoplasm (17, 36, 42) . In this respect, it is noteworthy that the HSV-1 virion population of hUL47 binds in vitro to a riboprobe specific for the Us8.5 gene, the major viral transcript to be packaged into virions (44, 45) . Reverse transcriptase-PCR (RT-PCR) experiments have also been used to show that hUL47 binds to the ␣22 mRNA in infected cells (45) . Furthermore, we have shown recently that in BHV-1-infected cells, bUL47 shuttling is altered by treatment with the RNA polymerase II inhibitor actinomycin D, a result that is consistent with a potential role for bUL47 in RNA biogenesis (53) . Thus, the UL47 proteins share many similarities with HIV-1 Rev and HSV-1 ICP27, both of which also shuttle rapidly between the nuclear and cytoplasmic compartments and have their shuttling inhibited by treatment with actinomycin D (32, 35, 39) . In addition, for a number of virus RNA binding proteins, such as HIV-1 Rev, human cytomegalovirus (hCMV) UL69, or Epstein-Barr virus EB2, the RNA binding domains have been characterized as arginine-rich motifs that at least in some examples overlap or are inseparable from their nuclear import signals (19, 28, 50) . It is therefore significant that in both UL47 homologues nuclear import has been attributed to arginine-rich motifs present in the N termini of the proteins (11, 52, 60) .
Several virus-encoded RNA binding proteins have been shown to bind to specific RNA sequences that often have defined secondary structure. For example, HIV-1 Rev binds to the Rev responsive element (RRE) sequence located in the Env coding region of all long HIV-1 transcripts (5), while HIV-1 Tat binds to the TAR stem-loop sequence present at the 5Ј end of all HIV-1 transcripts (8) . However, for other RNA binding proteins it has not been possible to define specific target sequences in vitro. In this paper we wished to extend our understanding of UL47 function by addressing the nature of the UL47-RNA interaction. Using Northwestern assays, we show that in vitro hUL47 binds generally to mRNA transcripts of both viral and cellular origin. We further identify a minimal RNA binding motif in hUL47 of 26 residues that is rich in arginines and is inseparable from the nuclear localization signal (NLS) of the protein. We go on to show that hUL47 binds mRNA in vivo and localizes to the major sites of transcription in the infected cell nucleus. Hence, we show that hUL47 shares many similarities with other viral RNA binding proteins and provide further evidence that hUL47 may play a role in RNA biogenesis and/or trafficking during HSV-1 infection.
MATERIALS AND METHODS
Cells. Vero, BHK, COS-1, and MDBK cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% newborn calf serum. Sf9 cells were grown in TC 100ϫ medium (Gibco) supplemented with 10% heatinactivated fetal bovine serum.
Viruses and plasmids. HSV-1 was routinely grown in BHK cells or Vero cells and titrated on Vero cells. Extracellular HSV-1 virions were purified on Ficoll gradients from the infected-cell medium of 5 ϫ 10 8 BHK cells, as described previously (15) . Extracellular BHV-1 virions were purified on Ficoll gradients from the infected-cell medium of 5 ϫ 10 8 MDBK cells, as described previously (15) .
The parental HSV-1 strain used in this study was strain 17 (s17). The BHV-1 strain used was P8-2, kindly provided by Vikram Misra, University of Saskatchewan. The recombinant viruses based on s17 expressing yellow fluorescent protein (YFP)-tagged hUL47 (179v), green fluorescent protein (GFP)-VP16 (44v), and GFP-UL49 (166v) have been described previously (10, 15, 26) . To generate a recombinant virus expressing both YFP-hUL47 and cyan fluorescent protein (CFP)-ICP4, 179v was used to coinfect cells with a CFP-ICP4-expressing virus also based on s17 that was kindly provided by Roger Everett, Glasgow, United Kingdom (16) . Progeny viruses from the coinfection were titrated to obtain individual plaques, and those that exhibited both CFP and YFP fluorescence were plaque purified a further three times. To construct baculoviruses for expression of glutathione S-transferase (GST)-hUL47 and GST-bUL47, the respective UL47 open reading frames were inserted as BamHI fragments into plasmid pAcG2T (Pharmingen), and the resulting plasmids were cotransfected into Sf9 cells with Baculogold DNA (Pharmingen). Recombinant baculovirus was further amplified to produce virus stocks for the purification of GST-hUL47 or GST-bUL47. All smaller fragments of hUL47 were expressed as GST fusion proteins in Escherichia coli from the plasmid pGEX6P-3 (Amersham). Plasmids pMD42, pMD43, and pMD44, expressing residues 1 to 76 (1-76), 1-92, and 1-92⌬R 2ϩ3 (all arginine residues in R boxes 2 and 3 mutated to glycines), respectively, as GST fusions, were all generated by transferring the corresponding BamHI fragments from previously constructed GFP expression vectors (11) into the BamHI site of pGEX6P-3. Plasmids pMD45 and pMD46, expressing residues 63-76 and 37-76, respectively, were constructed in the same way following PCR amplification of these regions of hUL47 as BamHI fragments, while pJV87 was constructed by PCR amplification of the region expressing residues 50-76 as a BamHI-EcoRI fragment followed by insertion into BamHI/EcoRI-cut pGEX6P-3. Plasmids pJV82 and pJV83, expressing 1-92⌬R 2 and 1-92⌬R 3 as GST fusion proteins, were constructed by PCR amplification of the corresponding regions from previously constructed GFP expression vectors (11) , generating BamHI-EcoRI fragments that were then inserted into BamHI/EcoRI-cut pGEX6P-3. To construct a plasmid expressing ␤-galactosidase (␤-gal), the ␤-galactosidase open reading frame was first amplified using primers containing BglII and XbaI sites. This fragment was inserted in place of chicken muscle pyruvate kinase (CMPK) in the plasmid p3PK encoding amino acids 17-476 of CMPK, kindly provided by J. Frangioni (Beth Israel Hospital, Boston, MA), generating plasmid pJV53. Plasmids for the expression of hUL47-␤-galactosidase fusion proteins were based on two previously constructed plasmids in which residues 1-76 or 37-76 of hUL47 had been inserted into the plasmid p3PK. In each case, the CMPK open reading frame was replaced by the ␤-galactosidase open reading frame as described for plasmid pJV53, resulting in plasmids pJV55 and pJV56, respectively. A plasmid expressing residues 63-76 of hUL47 fused to ␤-galactosidase was constructed by replacing the hUL47 sequences in pJV55 with a DNA fragment for residues 63-76 generated by the annealing of two oligonucleotides. Plasmids pJV84 and pJV85, expressing 1-92⌬R 2 and 1-92⌬R 3 as ␤-galactosidase fusion proteins, were constructed by PCR amplification of the corresponding regions as HindIII-BglII fragments from previously constructed GFP expression vectors (11), followed by insertion into pJV53. Plasmids pJV86 and pJV99, expressing residues 50-76 and 50-68, respectively, as ␤-galactosidase fusion proteins, were constructed by PCR amplification of the relevant regions as HindIIIBglII fragments from pMD10 followed by insertion into pJV53. Plasmids pMD10 and pMD15, expressing wild-type hUL47 or hUL47 with R boxes 2 and 3 mutated to glycines as GFP fusion proteins, have been described previously (11) . Plasmids for the in vitro transcription of either genomic ICP0 (pCI-110) or ICP0 (pT7-110) cDNA were kindly provided by Roger Everett, Glasgow.
Antibodies. Monoclonal anti-GFP for Western blotting and polyclonal anti-GFP for immunoprecipitation were obtained from BD Biosciences. Polyclonal anti-HSV-1 UL49 serum has been described previously (14) . The polyclonal anti-HSV-1 UL47 antibody 5283 was raised against full-length GST-UL47. Monoclonal anti-VP16 (LP1) was kindly provided by Helena Browne, University of Cambridge. Monoclonal anti-␤-galactosidase antibody was obtained from Promega.
Transfections. For transfection followed by live-cell fluorescence analysis, COS-1 cells were plated at a density of 10 5 cells per well of a two-well cover glass chamber (LabTek). For transfection followed by immunofluorescence, COS-1 cells were plated at a density of 2 ϫ 10 5 cells per well onto 16-mm glass coverslips in individual wells of a six-well plate. Twenty-four hours after plating, the cells were transfected using the calcium phosphate precipitation technique modified with BES [N,N-bis(2-hydroxyl)-2-aminoethanesulfonic acid]-buffered saline in place of HEPES-buffered saline.
Microscopy. Cells infected with virus expressing fluorescent proteins were examined live at the indicated times. Cells transfected with plasmids expressing GFP-tagged fusion proteins were examined live 20 h after transfection. For immunofluorescence analysis of transfected cells, cells on coverslips were fixed 40 h after transfection in 4% paraformaldehyde for 20 min followed by permeabilization for 10 min in 0.5% Triton X-100. The fixed cells were blocked by incubation for 30 min in phosphate-buffered saline (PBS) containing 10% newborn calf serum, and primary anti-␤-galactosidase antibody was added at a dilution of 1:200 in the same solution for a further 30 min. Following extensive washing in PBS, fluorescein isothiocyanate-conjugated secondary antibody was added in the same blocking solution, incubated for a further 30 min, and washed extensively in PBS. The coverslips were mounted on glass slides in Vectashield (Vector Labs). All samples were examined using a Zeiss Axiovert S100 TV inverted microscope. Images were acquired with a Photometrics Quantix digital camera and were processed with Metamorph and Adobe Photoshop software.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein samples were analyzed by electrophoresis on 10 or 12% polyacrylamide gels, followed by staining with Coomassie blue or transfer to nitrocellulose for analysis by Western or Northwestern blotting. Western blots were processed using horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse secondary antibodies (Bio-Rad) and developed using an enhanced chemiluminescence kit (Pierce).
Northwestern blotting. Proteins on nitrocellulose membranes were renatured in 10 mM Tris (pH 7.6), 50 mM NaCl, 1 mM EDTA, 0.1% NP-40, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% bovine serum albumin overnight at 4°C and then prehybridized for 1 h at 25°C in the same buffer containing 0.05 mg/ml Saccharomyces cerevisiae tRNA. Hybridization was carried out for 4 h at 25°C in the same buffer containing the relevant 32 P-labeled probe. Blots were then washed three times in the same buffer without tRNA and exposed to X-ray film.
Preparation of probes for Northwestern blotting. 32 P]CTP. Purification of GST-UL47 proteins. Full-length GST-hUL47 and GST-bUL47 fusion proteins were purified from 10 8 baculovirus-infected Sf9 cells. Seventy-two hours after infection at a multiplicity of 5, cells were lysed in a Dounce homogenizer with high-salt buffer (500 mM KCl, 20 mM Tris, pH 8, 4 mM MgCl 2 , 0.4 mM EDTA, 2 mM dithiothreitol, and protease inhibitors). After centrifugation for 15 min at 12 K in the cold, the supernatant was retained. The GST-Nterminal fusion proteins were purified from BL21-CodonPlus-RP strain of E. coli (Stratagene) following induction of transformed cells with 0.6 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). Cells were pelleted and resuspended in 2 ml PBS plus protease inhibitors and 1 mM dithiothreitol. Samples were sonicated five times for 10 s each, 1% Triton X-100 was added, and samples were incubated for a further 20 min at 4°C. The supernatant was collected following centrifugation at 12 K for 20 min. GST fusion proteins were purified by the addition of glutathione Sepharose beads to the supernatant followed by 30 min of incubation at room temperature with rocking. The beads were washed three times with PBS, and bound protein was eluted in three 200-l volumes of 20 mM glutathione in 10 mM Tris-HCl (pH 8).
RNA immunoprecipitations. One confluent 10-cm dish of Vero cells was infected with the relevant GFP-tagged virus at a multiplicity of 10. Eight hours later, the cells were washed in PBS, harvested in 1 ml of lysis buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 2.5 mM MgCl 2 , 0.1% NP-40, and protease inhibitors), and left on ice for 15 to 30 min. After a brief vortex, cells were centrifuged in a cold microfuge at 12 K for 15 min, the supernatant was transferred to a fresh tube, and RNasin was added at 1 U/l. The extract was precleared by incubation with 100 l of a 50% suspension of protein A Sepharose beads for 5 h at 4°C. Immunoprecipitations were carried out overnight at 4°C on the precleared supernatant, using 5 l of a polyclonal anti-GFP antibody (BD Biosciences) for 400 l of extract. Antibody-protein complexes were subsequently purified by a further incubation at 4°C with 50 l of a 50% suspension of protein A Sepharose beads for 4 h, followed by five 1-ml washes with lysis buffer. After the final wash, the protein A Sepharose beads were resuspended in 300 l of lysis buffer and extracted once with 300 l phenol and once with 300 l phenol-chloroform (pH 4.6). The extracted nucleic acid was ethanol precipitated and resuspended in 100 l 50 mM Tris (pH 7.6) and 10 mM MgCl 2 and treated with 0.5 U/l RNase-free DNase I (Roche) for 30 min at 30°C. Following extractions with equal volumes of phenol-chloroform (pH 4.6), the samples were ethanol precipitated and resuspended in 25 l RNase-free water.
RT-PCRs. One-step RT-PCRs were carried out using a QIAGEN one-step kit. One-fifth of each sample purified from the RNA immunoprecipitations was used to determine the presence of ICP0 mRNA in these samples by amplification across the second intron in the ICP0 gene using a forward primer of sequence 5Ј GGACTTTATCTGGACGGGC 3Ј and a reverse primer of sequence 5Ј TGGT GTTGGTGTTACTGCTG 3Ј. After 30 cycles of PCR, one-fifth of each sample was analyzed on a 1.2% agarose gel containing ethidium bromide. Control reactions, in which the reverse transcription step was absent, were carried out in parallel to confirm that any product was amplified specifically from RNA.
RESULTS
RNA binding by HSV-1 UL47 and UL49 proteins. To investigate the nature of RNA binding by hUL47, we first reproduced the results described by Sciortino and coworkers (45) , but rather than utilizing a riboprobe specific for a single HSV-1 transcript we used a probe that represented the entire cellular population of RNA molecules synthesized during HSV-1 infection. Vero cells were infected with HSV-1 strain 17 at a multiplicity of 10 and then labeled in vivo with [ 32 P]orthophosphate from 8 to 12 h postinfection. Total 32 P-labeled cellular RNA was prepared and used as a probe in a Northwestern blot analysis of HSV-1 virions that had been separated electrophoretically and transferred to nitrocellulose. The results indicate that the RNA probe bound efficiently to three species present in the HSV-1 virions (Fig. 1A) . Comparison with the Coomassie blue-stained profile of the virions showed that the two higher-molecular-weight radioactive bands aligned with the UL47 and UL49 (VP22) proteins, as had been shown previously by Sciortino et al. (45) (Fig. 1A) . By inference then, and by virtue of its lower molecular mass of around 20 kDa, the lower band was likely to be that of the known RNA binding protein Us11, the third species identified in the previous study (Fig. 1A) .
In the Northwestern assay shown in Fig. 1A , a fourth virion protein of around 110 kDa was also observed to bind RNA but with a much lower affinity than UL47, UL49, or Us11 (Fig.  1A ). To determine if this additional RNA binding protein had the characteristics of a tegument protein, a similar Northwestern blot procedure was carried out using a total RNA probe on virions that had been detergent stripped to separate envelope (Env) and tegument/capsid fractions (Fig. 1B) . Unlike the other RNA binding proteins, which fractionated entirely in the tegument/capsid fraction (Fig. 1B , Te/C lane), our novel RNA binding species fractionated predominantly in the envelope fraction, suggesting it had the characteristics of either an envelope protein or a very loosely associated tegument protein (Fig. 1B) . As yet, we have not identified this protein conclusively, but because of its size, potential candidates are the glycoproteins gB, gC, and gH or the tegument protein UL37.
The above-described Northwestern blot analyses were all carried out with a highly heterogeneous probe rather than a single species as has been described previously (45) . This may imply that hUL47 has the capacity to bind to a wide range of RNA molecules. To first determine if hUL47 binds only to RNA transcripts synthesized in infected cells, we prepared total RNA probes from both infected and uninfected Vero cells and carried out Northwestern blot analyses on virion samples as described above. Interestingly, cellular RNA from both infected and uninfected cells bound to all three major virion RNA binding proteins, suggesting that none of them exhibits a requirement for RNA transcribed from the viral genome (Fig. 1C, total) . We next asked whether hUL47 could bind purely to mRNA transcripts by purifying polyadenylated [poly(Aϩ)] transcripts from the total RNA probes and using these poly(Aϩ) fractions in a Northwestern assay. Although the amount of labeled RNA added in this assay was around 3% of that added for the total RNA probe, all three virion proteins again bound to poly(Aϩ) RNA from either infected or uninfected cells (Fig. 1C) .
hUL47 binds with high affinity to RNA. Because UL47 and UL49 from HSV-1 behaved in similar manners in our Northwestern assays and because both have been shown previously to exhibit DNA binding activity (33, 38) , we next wished to ensure that the probe binding we were detecting was specific to RNA and was not indicative of a general nonspecific binding of these two tegument proteins to any nucleic acid. As the third protein, Us11, is a well-characterized RNA binding protein (1, 21, 41) , it provided us with a control for the assays. To address VOL. 81, 2007 hUL47 BINDS RNA THROUGH ITS ARGININE-RICH NLS 2285
on October 2, 2017 by guest http://jvi.asm.org/ relative binding affinities of hUL47 and UL49 for RNA, a number of Northwestern assays were carried out using a fixed amount of virions and a fixed amount of probe. Ability to compete for probe binding was assessed by adding increasing amounts of an unlabeled nucleic acid to each Northwestern hybridization. We first asked whether either of the tegument proteins showed any affinity for dsDNA by competing a total RNA probe prepared from uninfected cells with increasing amounts of unlabeled sheared dsDNA ( Fig. 2A) . The RNA binding of all three proteins was unaffected by up to 50-fold excess of the dsDNA, suggesting that neither UL47 nor UL49 had an affinity for dsDNA. By contrast, when we carried out a similar competition with single-stranded DNA (ssDNA), we observed that while RNA binding by hUL47 and Us11 was unaffected by the presence of excess ssDNA, RNA binding by UL49 was efficiently competed (Fig. 2B ). This suggests that UL49 has a higher affinity for ssDNA than RNA. This result was further confirmed by using an ssDNA probe in the North- Five equal amounts of virions were subjected to SDS-PAGE followed by transfer to nitrocellulose membrane. Each sample was incubated for a Northwestern blot analysis using equal amounts of a total mock RNA probe with increasing amounts of either excess random double-stranded DNA fragments (A) or excess random singlestranded DNA fragments (B). (C) Five equal amounts of virions were subjected to SDS-PAGE followed by transfer to nitrocellulose membrane. Each sample was incubated for a Northwestern blot analysis using equal amounts of a single-stranded DNA probe with increasing amounts of excess total RNA. western assay followed by competition with excess unlabeled total RNA (Fig. 2C) . In this case, while all three proteins bound the ssDNA probe in the absence of RNA competitor, both hUL47 and Us11 binding were efficiently competed by the addition of equal amounts of competitor, while UL49 binding remained unaffected in the presence of up to 50-fold excess RNA. These results confirm that, like Us11, hUL47 is a potent RNA binding protein. However, they also suggest that although the UL49 protein has the ability to bind RNA in a Northwestern assay, it actually has a greater affinity for ssDNA.
hUL47 binds cellular and viral mRNA with equal affinities. To examine the relative affinities of hUL47 for various classes of RNA, we carried out further competition assays. To first establish if hUL47 preferred regions of dsRNA or ssRNA, a competition was carried out between a total RNA probe purified from uninfected cells and tRNA (Fig. 3A) . This demonstrated that the predominantly double-stranded tRNA had little ability to compete for the binding of other RNA molecules to hUL47. To next determine if there was any specificity for poly(Aϩ) RNA over other RNA molecules present in a total RNA probe, we carried out a competition between an uninfected-cell poly(Aϩ) RNA probe and increasing amounts of an unlabeled uninfected-cell total RNA sample (Fig. 3B) . hUL47 binding of poly(Aϩ) RNA was not competed by total RNA until it was around 50-fold in excess, suggesting that there is likely to be specificity of hUL47 for polyadenylated mRNA. Binding to Us11 was competed more efficiently than hUL47, presumably due to its known affinity for rRNA (40) , a species that would be present in high amounts in a total RNA preparation. Finally, we addressed whether hUL47 exhibits selectivity of viral mRNA molecules over cellular mRNA molecules by carrying out a competition between an infected-cell poly(Aϩ) RNA probe and increasing amounts of an unlabeled uninfected-cell poly(Aϩ) RNA sample (Fig. 3C) . In this case, the uninfected-cell poly(Aϩ) RNA competed efficiently for infectedcell poly(Aϩ) RNA binding to hUL47, with probe binding almost entirely depleted by fivefold excess competitor (Fig.  3C ). This suggests that, at least in vitro, hUL47 does not exhibit any selectivity for viral mRNA transcripts over cellular mRNA transcripts.
RNA binding characteristics of the BHV-1 homologue of UL47 (bUL47). Like HSV-1 UL47, the BHV-1 homologue of UL47 has been shown to be a nucleocytoplasmic shuttling protein (53, 60) . Furthermore, we have recently shown that the dynamics of bUL47 shuttling in BHV-1-infected cells is altered by the inhibition of RNA polymerase II transcription with actinomycin D (53), providing indirect evidence for an involvement of this protein in RNA biogenesis. Therefore, to evaluate if bUL47 also has the ability to bind RNA, we carried out a Northwestern assay on both HSV-1 and BHV-1 virions, using a total RNA probe prepared from uninfected cells (Fig. 4A) . The blot of BHV-1 virions showed two major RNA binding proteins that align with bUL47 and bUL49 (Fig. 4A) . Thus, the property of RNA binding seems to be common to at least two of the alphaherpesvirus UL47 homologues.
In order to investigate the RNA binding activities of the two UL47 proteins in more detail, we were required to develop an expression system to purify recombinant protein. When hUL47 is expressed in isolation in mammalian cells, one form of the protein (VP14) is synthesized (11) . However, in infected cells and extracellular virions hUL47 exists as the doublet VP13/14 (29, 58) , implying that a virus-induced modification of hUL47 occurs within the infected cell, resulting in the slightly highermolecular-weight species VP13. Although the nature of this modification is not yet known, it is plausible that it may be the result of phosphorylation by a virus-encoded kinase, as UL47 has been shown to exist as a phosphoprotein during infection (31) . Thus, before attempting to identify the RNA binding domain by using recombinant protein we first needed to determine whether the VP14 species of the hUL47 protein has an intrinsic ability to bind RNA or whether only the virus-induced species VP13 possessed this property. None of our attempts to express full-length hUL47 in E. coli were successful, and therefore to generate purified recombinant hUL47, we constructed a recombinant baculovirus expressing GST-hUL47 by using a Baculogold system (Pharmingen). The GST-hUL47 fusion protein was purified from infected Sf9 cells (Fig. 4B) and analyzed by Northwestern blotting as described above. The results indicate that purified recombinant GST-hUL47 binds efficiently to a total RNA probe, while GST alone exhibits no FIG. 3 . Relative binding of hUL47 to different classes of RNA. Five equal amounts of virions were subjected to SDS-PAGE followed by transfer to nitrocellulose membrane. Each sample was incubated for a Northwestern blot analysis using (A) equal amounts of mock total RNA probe with increasing amounts of excess unlabeled tRNA, (B) equal amounts of mock poly(Aϩ) RNA probe with increasing amounts of mock total RNA, and (C) equal amounts of infected-cell poly(Aϩ) RNA probe with increasing amounts of excess mock poly(Aϩ).
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on October 2, 2017 by guest http://jvi.asm.org/ such binding (Fig. 4C) . Hence, hUL47 expressed in the absence of virus infection and therefore unmodified possesses efficient RNA binding activity. However, by contrast, a similar Northwestern blot analysis of purified GST-bUL47 indicated that GST-bUL47 did not retain its ability to bind RNA even though in the same analysis GST-hUL47 RNA binding was evident (Fig. 4D) . Taken together, these results suggest that unlike hUL47, bUL47 may require a virus-specific modification to enable its RNA binding activity. We next wished to identify the RNA binding domain within the hUL47 open reading frame. In this respect, we have previously shown that the N-terminal 92 residues of hUL47 contain three arginine boxes, two of which (R boxes 2 and 3) are required for the nuclear localization of hUL47 (11) (Fig. 4B) . Because a well-characterized RNA binding domain is known to be the arginine-rich RNA binding motif, or ARM (55), we examined whether this region of hUL47 was involved in RNA binding. As a comparison, we also used the N-terminal 67 residues of bUL47 fused to GST. We have previously shown that, like the N terminus of hUL47, this region of bUL47 (C and D) Equivalent amounts of purified GST and GST-hUL47 (C) or GST, GST-hUL47, and GST-bUL47 (D) were subjected to SDS-PAGE followed by Coomassie blue staining or transfer to nitrocellulose membrane. Northwestern blotting was carried out as described for panel A. (E) Equivalent amounts of purified GST, hUL47 N terminus (Nterm), or bUL47 Nterm were subjected to SDS-PAGE followed by Coomassie blue staining or transfer to nitrocellulose membrane. Northwestern blotting was carried out as described for panel A. Molecular mass markers (in kilodaltons) are noted at the left of blots.
contains two arginine-rich boxes and functions as an NLS (52) . Nonetheless, because the full-length recombinant bUL47 did not bind RNA in vitro, the N terminus of the protein provided a useful control for this assay to investigate nonspecific binding of RNA to arginine-rich regions (Fig. 4B) . The N-terminal regions of both UL47 proteins were produced and purified as GST fusion proteins, in this case from E. coli (Fig. 4B) , and used in a Northwestern assay using a total RNA probe prepared from uninfected cells. While GST alone exhibited no RNA binding activity, residues 1-92 of hUL47 bound efficiently to the RNA probe, indicating that this region contains the intact RNA binding domain of hUL47 (Fig. 4E , compare GST with hUL47 Nterm). By contrast, the arginine-rich N terminus of bUL47 exhibited only residual levels of RNA binding compared to the N terminus of hUL47, demonstrating that a large number of arginine residues is not sufficient to induce RNA binding in this assay (Fig. 4E) .
Two arginine boxes in the N terminus of hUL47 are required for RNA binding. To further refine the RNA binding domain of hUL47, a range of GST fusion proteins, encompassing the N terminus of hUL47, were purified (Fig. 5A ) and used in a Northwestern assay with a total RNA probe prepared from uninfected cells. Deletion of all residues C-terminal to the R boxes 2 and 3 (residues 77-92) had little effect on RNA binding of this peptide (Fig. 5B, lane labeled 1-76) , suggesting that there was no requirement for the sequence following the R boxes in RNA binding despite the presence of several arginine residues in this region. We then refined the RNA binding domain further by deleting either the first 36 residues (including the first R box) or the first 49 residues from the peptide, (Fig. 5B , compare lanes labeled 37-76 and 50-76 with lane labeled 1-76). However, further truncation from the N terminus to produce GST fused to only R boxes 2 and 3 resulted in a peptide that no longer bound efficiently to the RNA probe (Fig. 5B, lane labeled 63-76) . Hence, these R boxes are not sufficient for optimal RNA binding, with RNA interaction requiring residues 50-62 in addition to the run of arginines.
To determine the absolute requirement for these arginine residues in RNA binding, we next produced a number of GST fusion proteins incorporating residues 1-92 of hUL47, in which various arginine residues had been mutated to glycine residues. Mutation of all eight arginines in boxes 2 and 3 to glycines in the context of this peptide greatly reduced (but did not abolish) RNA binding by this region of hUL47, confirming that these arginines are important for efficient binding activity (Fig. 5C,  lane 1-92⌬R 2ϩ3 ). However, mutation of the individual arginine box 2 or 3 to glycine resulted in peptides that bound RNA as efficiently as the wild-type peptide (Fig. 5C , compare lanes 1-92⌬R 2 and 1-92⌬R 3 with lane labeled 1-92). Hence, for the property of RNA binding at least, there is redundancy in the positioning of two arginine boxes in this region of the protein.
The hUL47 RNA binding motif is inseparable from its nuclear localization signal. We have shown previously that the arginine boxes involved in RNA binding by hUL47 are also required for nuclear localization of the protein (11) (Fig. 6A)  but have not yet defined a minimal transferable NLS for the protein. To determine if it was possible to separate these two properties, we set about defining the minimal region of the hUL47 N terminus that can function as a fully transferable NLS by fusing regions of it to the N terminus of the large, predominantly cytoplasmic protein ␤-galactosidase (Fig. 6B) . Because this reporter protein is too large to diffuse through nuclear pores, it requires active nuclear import via an NLS to accumulate efficiently in the nucleus. The ␤-gal fusion proteins were expressed in COS-1 cells by transient transfection and analyzed by immunofluorescence 40 h later. While ␤-gal alone localized in a general cytoplasmic and nuclear pattern (Fig. 6C,  ␤-gal panel) , the addition of residues 1-76 of hUL47 to its N terminus resulted in a fusion protein that accumulated entirely in the nucleus (Fig. 6C, 1-76 ␤-gal panel) , confirming that the NLS of hUL47 is contained within this peptide. Removal of the first R box of hUL47 by deletion of the first 36 residues of the protein had little effect on the nuclear targeting of this peptide, while fusion of the RNA binding domain of hUL47 (residues 50-76) to ␤-gal also resulted in a protein that was predominantly nuclear (Fig. 6C, 50-76 ␤-gal panel) . However, further truncation of this region down to residues 63-76, the region that no longer bound RNA efficiently, completely abrogated nuclear accumulation of this protein (Fig. 6C, 63-76  ␤-gal panel) . Interestingly, while mutation of the arginines in R box 2 to glycines affected the ability of the 1-92 peptide to accumulate in the nucleus, mutation of the arginines in R box 3 to glycines had no effect on nuclear localization (Fig. 6C , compare ⌬R box 2 panel with ⌬R box 3 panel). Finally, continuing on from this result we fused residues 50 to 68 to ␤-gal and showed that this region is the minimal region of hUL47 to function as an NLS (Fig. 6C, 50 -68 ␤-gal panel). Thus, both nuclear localization and RNA binding by hUL47 are dictated by the same motif.
RNA binding by hUL47 in vivo. The majority of transcripts synthesized during an HSV-1 infection contain no introns and therefore are not processed through the cellular splicing pathway prior to translation. To determine if the hUL47 RNA binding domain has any preference for RNA containing or lacking an intron, we generated two in vitro-transcribed probes from one of the few HSV-1 genes to contain introns, the IE gene ICP0 (Fig. 7A) . In this case, one of the probes was transcribed from the genomic version of the ICP0 gene and therefore retained its intron sequences, and one of them was transcribed from an ICP0 cDNA and therefore lacked its intron sequences. When each of these transcripts was used in a Northwestern assay of the hUL47 minimal RNA binding do- Equivalent amounts of GST fused to residues 37-76 or 63-76 of hUL47 were subjected to SDS-PAGE followed by Coomassie blue staining or transfer to nitrocellulose membrane. Northwestern blotting was carried out using an in vitro-transcribed RNA probe representing either genomic ICP0 (ϩintron) or spliced ICP0 (Ϫintron) mRNA. (C) Vero cells infected with HSV-1 expressing YFP-hUL47 at a multiplicity of 10 were harvested 8 h after infection. Immunoprecipitation was carried out on a soluble extract (In) either in the presence (ϩ) or in the absence (Ϫ) of a polyclonal anti-GFP antibody (Ab), and 1/10 of each sample was analyzed by Western blotting using a monoclonal anti-GFP antibody. (D) Nucleic acid was extracted from the immunoprecipitations described for panel C and subjected to RT-PCR using the primers shown in panel A. The reactions were carried out with (ϩRT) and without (ϪRT) an initial reverse transcription step. Following RT-PCR, one-fifth of each reaction was analyzed by agarose gel electrophoresis in the presence of ethidium bromide. (E) The RNA immunoprecipitation experiment described for panels C and D was repeated on a soluble extract from cells infected with HSV-1 expressing YFP-hUL47 and precipitated with no antibody, the polyclonal anti-GFP antibody, or a polyclonal anti-UL49 antibody. M, molecular size marker.
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on October 2, 2017 by guest http://jvi.asm.org/ main, it was clear that both probes bound efficiently to hUL47 (Fig. 7B) . Hence, in this assay at least, hUL47 exhibits no obvious specificity for either spliced or unspliced RNA molecules. We next wished to establish if hUL47 also binds to the ICP0 transcript in vivo. hUL47 was first immunoprecipitated from Vero cells infected with HSV-1 expressing YFP-tagged hUL47, using a polyclonal antibody specific for GFP (Fig. 7C) . RNA was then extracted from the immunoprecipitated hUL47 and used in an RT-PCR with primers designed to amplify across the second intron in ICP0, allowing us to distinguish between product synthesized from genomic DNA and that synthesized from spliced RNA (Fig. 7A ). The resulting products were then separated by agarose gel electrophoresis. A specific product of the correct size for the ICP0 mRNA was present in the reaction carried out on immunoprecipitated hUL47 but not in the reaction carried out on the control immunoprecipitation where no antibody was included (Fig. 7D, ϩRT lanes) . Furthermore, as no products were synthesized in the absence of the reverse transcription step, the specific product must have been generated from RNA and not from any DNA contaminant (Fig. 7D , ϪRT lanes). To ensure that the RNA pulldown was specific to the pulldown of UL47 by the GFP antibody, we next used an alternative polyclonal antibody, in this case an anti-UL49 antibody, as a control in an RNA immunoprecipitation assay. Although Western blotting showed that UL49 was efficiently precipitated from the extract with this antibody (data not shown), there was little detectable PCR amplification of the ICP0 RNA in this sample compared to that amplified from the GFP antibody immunoprecipitation, thereby confirming that ICP0 RNA does not bind nonspecifically to a random polyclonal antibody (Fig. 7E , compare GFP Ab with UL49 Ab). In addition, this result also suggests that UL49 is not bound to the ICP0 mRNA in any significant amounts in the infected cell, in spite of its ability to bind RNA by Northwestern blotting in vitro.
It has recently been shown in a study using a yeast twohybrid system that UL47 is able to interact with another major tegument protein, VP16 (54), and thus it is possible that ICP0 mRNA present in the UL47 complex had coprecipitated with VP16 or another protein present in the complex rather than directly with UL47. Hence, we next investigated the presence of other tegument proteins in this complex by blotting for VP16 and UL49. At the same time, we blotted similar complexes that had been immunoprecipitated with the GFP antibody from cells infected with HSV-1 expressing either GFP-VP16 or GFP-UL49 (Fig. 8A) . The results of these blot analyses confirm that VP16 but not UL49 was coprecipitated in the UL47 complex (Fig. 8A, YFP-UL47 ). By contrast, UL47 was not coprecipitated in this experiment with VP16 or UL49 (Fig. 8A) . However, in agreement with our previous studies (13, 18) VP16 and UL49 coprecipitated with each other (Fig.  8A ). Using these same complexes as a starting source of RNA, we next tested for the presence of ICP0 mRNA in the UL47-, VP16-, or UL49-specific immunocomplexes. While the ICP0 RNA was efficiently amplified from precipitated YFP-UL47, there was little evidence of ICP0 RNA in the complex pulled out on the GFP-VP16 or GFP-UL49 proteins (Fig. 8B) . This demonstrates that the ICP0 transcript does not precipitate with UL47 by virtue of an interaction with VP16. Furthermore, it also shows that the ICP0 transcript cannot bind nonspecifically in any other GFP immunoprecipitation assay. Interestingly, in one experiment when VP16 was immunoprecipitated at a later time in infection, we were able to demonstrate efficient coimmunoprecipitation of UL47 with VP16 (Fig. 8C) . RT-PCR carried out on the same complex indicated that in this case the ICP0 mRNA was present, presumably as a result of binding to the coimmunoprecipitated UL47 (Fig. 8D) .
Finally, we addressed the subcellular localization of hUL47 in the infected cell at the time that we had shown it to be bound to viral-specific transcript. It has been shown previously that the major transcriptional activator of HSV-1, the immediateearly protein ICP4, localizes to specific nuclear domains that are considered to be the major sites of RNA transcription in the infected cell nucleus (6, 23, 37) . Furthermore, live studies of cells infected with an HSV-1 recombinant expressing CFPtagged ICP4 have been used to investigate the dynamics of such localization to transcription sites (16) . To determine if hUL47 may be targeted to the same sites of viral RNA transcription, we generated an HSV-1 recombinant that expresses both YFP-hUL47 and CFP-ICP4. Although the expression kinetics of these two proteins are quite different, as ICP4 is an immediate-early protein while hUL47 is a true late protein, studies of cells infected with this virus have revealed that at early times of hUL47 expression (up to 8 h), these two proteins colocalize in specific domains within the nucleus (exemplified in Fig. 8E ). Taken together, these results indicate that hUL47 can bind RNA in vivo and is targeted to the major nuclear domains where viral RNA transcription occurs. Furthermore, hUL47 may localize to such transcription sites by virtue of its potent RNA binding activity.
DISCUSSION
Although the alphaherpesvirus family of UL47 proteins represents major components of the virus tegument, the role of these proteins in virus infection has to date proved elusive. The main discernible characteristic identified for two members of this family is the ability to shuttle rapidly between the nucleus and the cytoplasm (11, 52, 60) . A major role for such proteins is in the export of RNA from the nucleus (4), and a growing number of virus-encoded proteins have now been shown to exhibit nucleocytoplasmic shuttling and to function in viral RNA export pathways (43) . Hence, while the exact role of UL47 nucleocytoplasmic shuttling has not yet been defined, it may well be linked to its RNA binding properties that were demonstrated previously by others (45) and were examined here in more detail. Our results have proved conclusively that hUL47 is a true RNA binding protein, exhibiting a strong preference for single-stranded RNA over other nucleic acids in vitro. Furthermore, we have demonstrated RNA binding by hUL47 in vivo. This is in contrast to our findings with VP22, which although previously described as an RNA binding protein (45) would appear to preferentially bind single-stranded DNA in our assays and does not bind to the ICP0 mRNA in our RNA immunoprecipitation studies from infected cells. We were not able to demonstrate any specificity of hUL47 for viral transcripts in vitro, but the protein did appear to bind preferentially to polyadenylated RNA, suggesting an affinity for mRNA of either cellular or viral origin. Such nonspecific RNA binding is not unusual among viral RNA binding proteins, with proteins such as HSV-1 ICP27, influenza virus NP, and hCMV pUL69 also exhibiting little or no sequence specificity (22, 46, 50) , unlike the highly sequence-specific binding of HIV-1 Rev and Tat to their respective RRE and TAR RNA elements (5, 9) . While it is feasible that this lack of sequence specificity is due to the limitations of the Northwestern assay system, in which proteins may not be properly renatured on the membrane, and that sequence or secondary structure specificity for hUL47 RNA binding may occur within the cell, it is also possible that little or no selectivity is required for hUL47 during infection, because the majority of transcripts being synthesized at that time would be of viral origin. Hence, if hUL47 functions specifically on viral transcripts, these would be the major transcripts that hUL47 would encounter during infection. Nonetheless, in order to determine if any sequence specificity exists in RNA binding by hUL47 it will be necessary to establish the transcripts that it binds in vivo by generating cDNA libraries from coprecipitated RNAs.
There are several reasons why hUL47 may bind and potentially transport mRNA in vivo. First, hUL47 may be involved in circumventing the normal cellular mechanisms of mRNA ex- FIG. 8 . ICP0 mRNA binding is specific to complexes containing UL47. (A) Soluble extracts from Vero cells infected with HSV-1 expressing YFP-UL47, GFP-VP16, or GFP-UL49 were immunoprecipitated with the polyclonal anti-GFP antibody (Ab), and the resulting complexes were analyzed by SDS-PAGE followed by Western blotting with antibodies against GFP, UL47, VP16, and UL49. (B) The same complexes from panel A were subjected to RT-PCR using primers specific for ICP0 mRNA. The reactions were carried out with (ϩRT) and without (ϪRT) an initial reverse transcription step. One-fifth of each reaction was analyzed by agarose gel electrophoresis in the presence of ethidium bromide. M, molecular size marker. (C) Vero cells infected with HSV-1 expressing GFP-VP16 were harvested late in infection (16 h postinfection), and immunoprecipitation was carried out with polyclonal anti-GFP antibody. The resulting complexes were analyzed by SDS-PAGE followed by Western blotting with antibodies against GFP and UL47. (D) The same complexes from panel C were subjected to RT-PCR with (ϩRT) and without (ϪRT) an initial reverse transcription step, using primers specific for ICP0 mRNA. One-fifth of each reaction was analyzed by agarose gel electrophoresis in the presence of ethidium bromide. (E) Vero cells were infected with HSV-1 expressing YFP-hUL47 and CFP-ICP4 at a multiplicity of 5 and examined live 8 h later. In, input extract.
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on October 2, 2017 by guest http://jvi.asm.org/ port from the nucleus. Because the processes of splicing and RNA export are closely linked in the cell (7), the export of viral RNA molecules is problematic for viruses such as HIV-1 and HSV-1 that synthesize unspliced or intronless transcripts, respectively (4, 43, 48, 49) . Thus, virus-encoded RNA binding proteins hijack normal cellular pathways involved in protein and RNA export and bypass the need for RNA splicing to occur prior to nuclear export for translation in the cytoplasm (43) . Within the cell there are a number of identified nuclear export pathways that different classes of RNA molecules utilize, and several of these have been defined as viral targets (4). In the case of HIV-1 Rev, the karyopherin receptor CRM-1 is utilized to export RRE-containing transcripts, while HSV-1 ICP27 exports intronless mRNAs through the TAP/NXF1 pathway (3, 24, 30, 42, 46) . We have demonstrated recently that the BHV-1 UL47 protein contains a novel nuclear export signal that uses an export receptor other than CRM-1 (52). Identification of this potentially novel receptor may enable us to investigate its potential role in viral RNA transport and establish if the same receptor is utilized generally by hUL47 and the other viral homologues.
Another possible reason for hUL47 binding to viral transcripts is to facilitate the packaging of viral mRNAs into assembling virions. It has been shown previously that HSV-1 virions contain a wide range of viral but not cellular mRNAs (44) , and the same authors have gone on to show that hUL47 binds at least two viral transcripts packaged into the virion (45) . In this situation, hUL47 would be involved in delivering viral mRNAs to the sites of virus and presumably tegument assembly within the cell. Alternatively, hUL47 may be involved in delivering specific transcripts to the correct site in the cytoplasm for translation, so that individual proteins are synthesized at the correct location and/or with their correct binding partners, allowing virus assembly to occur with optimal efficiency.
As mentioned above, HSV-1 encodes the immediate-early protein ICP27, a well-characterized RNA exporting protein (24, 36, 42) . However, viruses in which the ICP27 nuclear export signal or RNA binding domain has been mutated are able to replicate (27) , suggesting that HSV-1 is still able to process its mRNA transcripts in the absence of these ICP27 activities. Furthermore, ICP27 has been shown to function in RNA transport predominantly at late times in infection (47) , and therefore an alternative factor may be involved in RNA transport at earlier times in infection. Interestingly, we have shown that when hUL47 is first expressed in infection it colocalizes in the nucleus with the major viral transcription factor ICP4 and is bound to at least one viral transcript at that time. In addition, we have shown previously that input UL47 from both BHV-1 (53) and HSV-1 (unpublished data) virions is targeted immediately to the nucleus upon virus entry, suggesting that UL47 may play a role there at very early times in infection. However, it remains to be determined if this input population of UL47 has the capacity to bind viral RNA in vivo.
In this paper we have shown that the RNA binding domain within hUL47 is a discrete 26-residue peptide, containing an arginine-rich motif that is essential but not sufficient for RNA binding (Fig. 9 ). This places hUL47 in a growing group of viral RNA binding proteins, including HIV-1 Rev, HIV Tat, hCMV UL69, and Epstein-Barr virus EB2, that bind through an arginine-rich RNA binding motif, or ARM domain (19, 20, 50, 55, 57) . Furthermore, in a scenario reminiscent of the Rev and Tat ARMs and the recently identified ARM in pUL69 (50, 51), we have shown that the domains involved in RNA binding and nuclear localization of hUL47 overlap, and we have not yet been able to separate these activities (Fig. 9) . It should be noted that the minimal sequences involved in both of these activities are part of a longer, more complex N-terminal region of hUL47 that contains an additional arginine box (Fig. 4) . While this box is not essential, its presence emphasizes that there may be additional redundancy in the sequences involved in nuclear localization and/or RNA binding.
Our previous studies using GFP as a reporter led us to initially propose that the 13-residue sequence incorporating the arginine-rich motif of R boxes 2 and 3 was sufficient to function as an NLS (11) . However, GFP is small enough to diffuse into the nucleus and it is likely that in this situation the small hUL47 arginine motif functioned in nuclear retention of GFP by virtue of its low level of RNA binding, rather than in nuclear import. Here we have shown that this small arginine motif is not able to actively import a large protein into the nucleus but that the NLS of hUL47 requires up to an additional 12 residues upstream of the arginine motif that may be involved in binding to its nuclear import receptor. Although we have yet to identify the nuclear import receptor that hUL47 utilizes, the large number of arginines in the NLS of hUL47 and in that of bUL47 implies that, as for Rev and Tat, the UL47 proteins may use the karyopherin importin ␤ to facilitate transport through the nuclear pores (51, 52) . It has been shown previously that importin ␤ binding to the Rev NLS inhibits its RNA binding activity, but only at low levels of RanGTP, as would be the situation in the cytoplasm (51) . Thus, as has been suggested previously for Rev and Tat (51), hUL47 may use this arginine-rich domain to switch between import receptor binding in the cytoplasm, where RanGTP is low, and RNA binding in the nucleus, where RanGTP is high, thereby regulating its activity in each cellular compartment.
Our findings in this study have revealed an interesting difference between the activities of the HSV-1 and BHV-1 UL47 proteins. Like hUL47, bUL47 is a nucleocytoplasmic shuttling protein that possesses an arginine-rich NLS sequence at its N terminus (Fig. 9) . We have shown here for the first time that, as for virion hUL47, the virion population of bUL47 is a potent RNA binding protein in a Northwestern assay. However, unlike hUL47, which retains its RNA binding when expressed as a recombinant protein, we have been unable to demonstrate RNA binding by recombinant bUL47 expressed as either a GST fusion protein (Fig. 4) or a His-tagged protein (data not shown). Furthermore, the N-terminal region of bUL47, containing its arginine-rich NLS expressed as a GST fusion protein, is also unable to bind RNA. Hence, it would seem that unlike hUL47, bUL47 may require some form of virus-induced modification to make it functional as an RNA binding protein, and by inference this modified bUL47 would be packaged into the virion. A potential candidate for such a modification could be phosphorylation by a virus-encoded kinase, and so it is noteworthy that bUL47 has been shown to be phosphorylated during infection (2) . In addition, there are several potential kinase sites within the bUL47 NLS, most notably, the serine residue within the RRPRRS motif (Fig. 9) , a sequence that is highly conserved among several other UL47 homologues but not in hUL47 (52) . Further studies are required to determine if phosphorylation is a factor involved in RNA binding by bUL47.
In summary, we have shown that the HSV-1 tegument protein hUL47 is a potent RNA binding protein that demonstrates little sequence specificity and binds mRNA through an arginine-rich motif in its N terminus. The fact that this motif also functions as its NLS serves to emphasize the similarity between hUL47 and the classical RNA-exporting protein HIV-1 Rev. While we as yet have no direct evidence to show that the ultimate role of UL47 nucleocytoplasmic shuttling is in the transport of RNA, our combined studies of hUL47 and bUL47 now form a strong basis for evaluating the contribution these proteins may make to RNA biogenesis in the infected cell.
